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INTRODUCTION
The intestinal integrity plays an essential role in nutrition, metabolism, and whole-body homeostasis (1). The gastrointestinal tract is part of the first defense of the body against bacteriaderived endogenous and exogenous harmful agents (2, 3) . Any damage to the mucosal epithelium can impair intestinal functions, including absorption of nutrients, thereby reducing growth performance and compromising the health of animal (4) . Among nutrients, amino acids have received much attention because they are precursors for the synthesis of many molecules with enormous physiological functions (5) . For example, glutamate, glutamine, and aspartate are major metabolic fuels for the small-intestinal mucosa (6) , whereas cysteine, glycine and glutamate are required for the production of glutathione (a major low-molecular-weight antioxidant) in all cell types (7-11).
Many herbs and spices have antioxidant effects due to their active phenolic components (12). The most important chemical compounds of essential oils are cinnamaldehyde and eugenol. Essential oils are plant extracts containing volatile components. Some of them possess strong antimicrobial activities © 1996-2015 and immunomodulatory functions (13) . Thus, essential oils have been used widely as raw materials in many industries, including food, perfumes, cosmetics, aromatherapy, and phytotherapy (14, 15) . In clinical medicine, cinnamon has been used as a traditional herb to treat human disorders, such as spasms, vomiting, infections and digestive or stomach complaints (12, [16] [17] [18] because this essential oil exerts anti-oxidative, anti-inflammatory, antispasmodic and anti-ulcerative effects (12). Cinnamon has also been reported to stimulate the immune system, thereby reducing the risk of cardiovascular disease and cancer (16, 19) . Water-based extracts of cinnamon bark might bind endotoxin, thereby protecting against endotoxin-induced organ damage (16, 20) , and have anti-bacterial effects, such as against Helicobacter pylori (16, 21) . Cinnamon essential oil is made from bark and leaves of Cinnamomum verum obtained by steam distillation (22) . Substantial evidence suggests that essential oils from both bark and leaves have antioxidant effects and can be used in preventing oxidation-induced decay of food products (23) .
The underlying mechanisms for the beneficial effects of cinnamon are being explored using animals challenged with lipopolysaccharide (LPS), also known as endotoxin. LPS is a major component of the outer membrane of Gram-negative bacteria which are widely present in the digestive tracts of humans and animals. Much evidence shows that LPS can cause damage to intestinal mucosa, but effective methods for prevention and treatment are currently lacking (1, 24, 25) . In the present article, we review results of recent studies regarding the beneficial effects of oleum cinnamomi (cinnamaldehyde as the primary active component; Figure 1 ) on regulating intestinal gene expression (Table 1) and alleviating LPS-induced intestinal injury in animals, particularly early-weaned pigs.
THE PORCINE ANIMAL MODEL
Because of ethical concerns over human studies, we have used the pig as an animal model to study effects of nutrients (including amino acids and their derivatives) on intestinal health and function (26) (27) (28) . Of note, early-weaned pigs exhibit naturally occurring atrophy and mucosal damage in the small intestine during the first week post-weaning (29) . In addition, intraperitoneal administration of low doses of lipopolysaccharide (LPS) to weanling pigs causes further perturbations in the intestinal morphology, metabolism, and function (30). Thus, young pigs, particularly earlyweaned piglets, are very sensitive to oxidative injury and therapeutic treatments. To minimize impacts of dietary confounding factors (e.g. highquality animal-source protein and growth factors) and maximize beneficial effects of OCM on the intestine, our experiments normally involve corn-and soybean meal-based diets (1, 24, 25) , which provide inadequate amino acids and induce intestinal abnormality and dysfunction in earlyweaned pigs.
EFFECTS OF OCM ON GROWTH PERFORMANCE AND INTESTINAL ENZYMES IN LPS-CHALLENGED PIGLETS

General study protocols
Our experiments to determine effects of OCM on piglets were conducted using established protocols (1, 24, 25) . At 28 days of age, piglets were assigned randomly into one of three treatment groups: 1) non-challenged control (Control group, piglets fed the basal diet and receiving intraperitoneal administration of sterile saline); 2) LPS-challenged control (LPS group, piglets fed the basal diet and receiving intraperitoneal administration of Escherichia coli LPS); 3) LPS + 50 mg/kg OCM (LPS+OCM group, piglets fed the basal diet supplemented with 50 mg/kg OCM and receiving intraperitoneal administration of LPS). LPS was dissolved in sterile saline. Oleum cinnamomi (OCM; Sigma-Aldrich, catalog number W225800) was well mixed with the basal diet. The dietary treatments lasted for 4 weeks. On days 21 and 28 of the trial, overnight fasted piglets in the LPS and LPS+OCM groups received intraperitoneal administration of LPS (Escherichia coli serotype 055:B5; Sigma Chemical Inc., St. Louis, MO, USA) at the dose of 100 μg/kg BW as a model of gut inflammation (31) and acute oxidative stress (32), whereas piglets in the control group received intraperitoneal administration of the same volume of sterile saline. During days 0-20 of the trial (pre-challenge), all the piglets had free access to feed and drinking water. Incidents of piglets with diarrhea were recorded every day during days 0-20 of the trial (pre-challenge). Piglets with semi-liquid and liquid feces were regarded as diarrhea.
To exclude a possible effect of LPS-induced reduction in food intake, the control and LPS+OCM piglets were pair-fed, during days 21-28 of the trial (post-challenge with LPS), the same amount of feed per kg body weight as LPS piglets. On day 28 of the trial, D-xylose was orally administrated to piglets at the dose of 0.1 g/kg BW (infused with 10% D-xylose at 1 mL/kg BW) 2 h after LPS or saline administration. Absorption of D-xylose into plasma has been used as a marker of in vivo intestinal integrity in pigs (33).
On days 21 and 28 of the trial, 3 h after LPS or saline administration, blood samples were collected from anterior vena cava into heparinized vacuum tubes (Becton Dickinson Vacutainer System, Franklin Lake, NJ, USA) as described previously (25) . Blood samples (7 mL) were centrifuged at 1,000 × g for 10 min at 4°C to separate plasma, and the plasma was then stored at -80°C until analysis (1).
Six hours post-injection of LPS on day 28 of the growth trial, all piglets were sacrificed under anesthesia with an intravenous injection of 
The oligonucleotide primers were designed from pig gene sequences in the GenBank NM_214020 (for EGF), NM_001244539
(for claudin-1), U79554 (for occludin), NM_001123127 (for HSP70), AY145131 (for ALP), NM 001038005 (for PXR), AF017079 (for GAPDH), and DQ845176 (for RPL4). To avoid amplification of potentially contaminating genomic DNA, the primers were designed to span introns and intron-exon boundaries © 1996-2015 pentobarbital sodium (50 mg/kg BW) for biochemical analyses of the intestinal mucosa (1). Briefly, the piglet abdomen was opened immediately after anesthesia from sternum to pubis, and the whole gastrointestinal tract was immediately removed (1, 25, 34). The small intestine and colon were dissected free of the mesentery and placed on a chilled stainless steel tray. The 10-cm segments were cut at distal duodenum, mid-jejunum, mid-ileum, and mid-colon, respectively (34, 35). The intestinal segments were opened longitudinally and flushed with ice-cold PBS after removal of the contents. Mucosa was collected by scraping using a sterile glass microscope slide, rapidly frozen in liquid nitrogen, and stored at -80°C until analysis. All samples were collected within 15 min after euthanasia.
All assays were performed using the published methods (27, 30, (36) (37) (38) . Specifically, plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity were assessed by an automatic analyzer (7020 Clinical Analyzer, Hitachi High-Technologies Co., Tokyo, Japan). Cortisol and glucagon in plasma were analyzed using commercially available 125 I RIA kits (Beijing North Institute of Biological Technology, Beijing, China). The detection limits were 2 ng/mL for cortisol and 16.1 pg/mL for glucagon. The coefficients of variation for intra-and inter-assays of cortisol were < 10% and < 15%, respectively. The coefficients of variation for intra-and inter-assays of glucagon were < 10% and < 15%, respectively. D-xylose in plasma was determined using our established methods (24) . Briefly, 50 μL of the collected plasma was added to 5 mL of the phloroglucinol color reagent solution (Sigma Chemical Inc., St. Louis, MO, USA) and heated at 100ºC for 4 min. The samples were allowed to cool to room temperature in a water bath. A xylose standard solution was prepared by dissolving D-xylose in saturated benzoic acid (prepared in deionized water) to obtain 0, 0.7, 1.3, and 2.6 mmol/L. The D-xylose standard solution or the sample was added to the colour reagent solution. Absorbance of the resultant mixture at 554 nm was measured using a spectrophotometer (Model 6100, Jenway LTD., Felsted, Dunmow, CM6 3LB, Essex, England, UK). The standard solution of 0 mmol/L D-xylose was considered as the blank.
The intestinal mucosae were used for the analysis of anti-oxidative enzymes and their products. Glutathione peroxidase (GSH-Px) and hydrogen peroxide (H 2 O 2 ) were determined using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Assays were performed in triplicate (1).
OCM reduced stress and improved gut function in LPS-challenged piglets
For centuries, cinnamon has been widely used as spice and as an additive in perfumery, flavoring, and pharmaceutical industries (12, 17, 18) . Essential oil of cinnamon bark was found to be a unique aromatic monoterpene-rich natural source, with trans-cinnamaldehyde (45.62%) as the major constituents (39). There is evidence that OCM has protective effects on ethanol-induced oxidative and mucosal damage (12). Therefore, we investigated the protective effect of 50 mg/kg OCM on the intestinal mucosal-barrier function after a 6-h LPS challenge in a porcine model. Currently, LPS is widely used to cause intestinal-mucosal damage in many animal and clinical studies, and LPS has been reported to induce stress responses in a porcine model (1, 24, 25) . Between days 0 and 21 of the trial (pre-LPS challenge period), average feed intake and daily weight gains of piglets were increased by the OCM supplementation, as compared with the control group. Importantly, dietary OCM supplementation reduced the diarrhea incidence by 58% (Table 2) .
Aminotransferase (ALT) and aspartate aminotransferase (AST) are hepatic intracellular enzymes. Their elevations in the plasma reflect the injury of cells, particularly hepatocytes (40-43). Results of our studies showed that LPS increased the activities of ALT and AST in the plasma, indicating that LPS induced liver damage (Table 3) . In this regard, it is noteworthy that OCM supplementation significantly suppressed the increases in plasma ALT and AST, indicating that OCM alleviated LPSinduced injury in the liver (Table 3) .
Cortisol is a steroid hormone, which is released in response to stress (31). Its primary functions are to increase blood sugar through gluconeogenesis, suppress the immune system, and stimulate the metabolism of fat, protein, and carbohydrate. Substantial evidence suggests that glucagon plays an essential role in blood glucose homeostasis (44, 45) . Accordingly, glucagon concentrations in the portal circulation rise in response to many kinds of stress (46) . We found that dietary supplementation with OCM prevented the LPS-induced increases in plasma cortisol and glucagon (Table 4) . Thus, OCM exerted a protective Oxidative stress plays an important role in the pathogenesis of LPS-induced intestinal injury and lipid peroxidation via generating reactive oxygen species (ROS) (1). In the current study, LPS challenge reduced glutathione peroxidase (GSH-Px) and increased hydrogen peroxide (H 2 O 2 ) in the jejunal mucosa ( Table 5 ), indicating that LPS challenge causes intestinal oxidative stress. Under conditions of oxidative stress, lipid peroxidation injures cell membranes with the release of intracellular components, such as lysosomal enzymes, leading to further tissue damage (12). An important finding from the present study is that the adverse effects of LPSinduced intestinal oxidative stress were attenuated by d ietary OCM supplementation (Table 5) . Consistent with our observations, Ozbayer et al. (12) reported previously that OCM had an antioxidative activity and, thus, decreased lipid peroxidation levels in rats with ulcerative damage.
The 1-h blood D-xylose test is a useful indicator for intestinal absorption capacity and mucosal integrity in young swine (1, 24, 25) . In healthy piglets, D-xylose is readily absorbed by the small intestine. However, when malabsorption occurs, D-xylose is not absorbed by the gut, leading to reductions in its concentrations in plasma and urine (33). Notably, we found that dietary supplementation with 50 mg/kg OCM augmented the entry of orally administered D-xylose into the systemic circulation in LPS-challenged piglets (Table 5) , which indicates that OCM can enhance the ability of the small intestine to absorb nutrients and barrier function under inflammatory conditions.
EFFECTS OF OCM ON EXPRESSION OF INTESTINAL GENES IN LPS-CHALLENGED PIGLETS
General study protocols
Epidermal growth factor (EGF), claudin-1, occludin, heat shock protein 70 (HSP70), alkaline phosphatase (ALP) and pregnane X receptor (PXR) mRNA levels in mucosa were quantified using RT-PCR (1, 30, 34). Approximately 100 mg powdered samples were homogenized and total RNA was isolated using the TRIzol Reagent protocol (Invitrogen, Carlsbad, CA, USA). Total RNA was quantified using the NanoDrop ® ND-2000 UV-VIS spectrophotometer (Thermo Scientific, Wilmington, DE, USA) at an OD of 260 nm, and the purity was assessed by determining the OD260/OD280 ratio. All the samples had an OD260/OD280 ratio above 1.8, corresponding to > 95% pure nucleic acids. Meanwhile, the integrity of RNA in each sample was assessed using 1% denatured agarose gel electrophoresis. RNA was used for RT-PCR analysis when it had a 28 S/18 S rRNA ratio ≥ 1.8.
Total RNA was reverse transcribed using the PrimeScript ® RT reagent Kit with gDNA Eraser (Takara, Dalian, China) according to the manufacturer's instruction. cDNA was synthesized and stored at -20°C until use. The RT-PCR analysis of gene expression was performed using primers for EGF, claudin-1, occludin, HSP70, ALP and PXR, GAPDH, and ribosomal protein L4 (RPL4) ( temperature was processed. Amplification products were verified by melting curves and agarose gel electrophoresis. Results were analyzedby the delta delta C T method (36). The standard curves were generated using relative concentration vs. the C T . The linear correlation coefficient of all genes were >0.995. Based on the slopes of the standard curves, the amplification efficiencies of the standard ranged from 90% to 110% (derived from the formula efficiency = 10 1/-slope -1) (37). Moreover, we used GAPDH and RPL4 as the normalizer in the calculation of relative mRNA levels for target genes. Each biological sample was run in triplicate.
OCM affected intestinal expression of genes
LPS challenge altered the expression of genes for EGF, claudin-1, occludin, HSP70, ALP and PXR in the intestinal mucosa of LPS-challenged piglets ( Table 6 ). The effects of LPS depended on gene and intestinal segment. The adverse effects of LPS on intestinal gene expression were attenuated by dietary supplementation with OCM. The LPSinduced up-regulation of genes was reversed by OCM supplementation to the values similar to those for the control group in duodenal and jejunal mucosae.
The 70 kDa HSP-70 belongs to a family of ubiquitously expressed heat shock proteins (47) . Usually, a high concentration of HSP70 is an indicative of oxidative stress (1, 25, 48) . Like other intestinal mucosal proteins (49) (50) (51) (52) (53) , HSP70 is sensitive to regulation by dietary and physiological factors. We found that the changes in the expression of HSP70 in response to LPS and OCM were the most significant (Table 6 ). Therefore, dietary supplementation with OCM substantially decreases oxidative stress in the intestinal mucosa of piglets. In contrast to HSP70, mucosal mRNA levels for EGF, ALP, claudin-1, occludin, and PXR were lower (P<0.05) in LPStreated piglets than in the control group. EGF (one of the most important growth factor) is widely distributed on the surface of the intestinal mucosa and is crucial for stimulating enterocyte proliferation and regeneration of the mucosal epithelium (54) (55) (56) . Previous studies have demonstrated that EGF can promote cell proliferation, repair, and migration during regeneration of the gut after damage (57-59). Our previous research suggested that LPS could decrease EGF concentrations in the plasma of piglets (1). Here, we observed that LPS reduced intestinal mRNA levels for EGF (Table 6 ). It appears, therefore, that the regulation of EGF expression is one of the major functions whereby OCM alleviates intestinal injury.
Alkaline phosphatase (ALP) is expressed by differentiated enterocytes, but not by undifferentiated epithelial cells or any other cell type. Thus, ALP serves as an enterocyte differentiation marker and is a useful tool for the identification of factors that govern the overall enterocyte differentiation (59) . ALP expression is generally repressed under atrophic conditions of starvation and hypothyroidism (50) (51) (52) . This repression of ALP expression has also been demonstrated in in vitro cell models of serum starvation and post-confluence (53) . Similarly, we found that ALP gene expression in the intestinal mucosa of piglets was repressed by LPS treatment (Table 6 ). Implications of this relationship between intestinal injury and ALP expression have not been elucidated. Interestingly, the present study indicates that supplementation with OCM can increase intestinal ALP gene expression in LPS-challenged piglets. Further study is needed to identify the underlying mechanisms.
It is possible that OCM protects intestinal absorption function by regulating expression of key genes in the tight-junction cell signaling. Intestinal epithelial integrity is maintained by cohesive interactions between cells via the formation of tight junctions (24, 60) . There is growing evidence that members of the claudin family play a critical role in tight junction formation and determine permeability characteristics in a variety of tissues, including the gut (24, 61, 62) . Claudin-1 and occludin integrate diverse processes of gene transcription, tumor suppression, and cell proliferation (63, 64) . The results from our previous reports and the present study clearly indicate that the LPS treatment can reduce the abundance of claudin-1 and occludin in the intestinal mucosa of piglets at the levels of both protein (24) and mRNA expression (Table 6 ). In our studies, dietary supplementation with OCM was able to attenuate the effect of LPS by improving the expression of the claudin-1 and occludin genes (Table 6 ). These data further support that OCM has beneficial effects on alleviating intestinal injury in LPS-challenged pigs.
Another novel and important finding from our work is the amelioration of PXR gene expression in the intestinal mucosa by dietary treatment of OCM. PXR is a member of the nuclear receptor family of ligand-activated transcription factors, and is highly expressed in the liver and intestine (40). © 1996-2015
As a master gene overseeing detoxification of a large number of xenobiotics, PXR plays a vital role in maintaining intestinal integrity. However, the intestinal expression of genes involved in cellular detoxification is down-regulated in patients with inflammatory bowel diseases (IBD) (65) . Previous studies have also demonstrated that LPS reduces the expression of PXR mRNA in the mouse liver (66) , placenta (67) , fetal liver (68) , and intestine (40). Consistent with these reports, our results indicated that LPS significantly inhibited the expression of the PXR gene in the intestinal mucosa of piglets (Table 6 ). Of note, dietary supplementation with 50 mg/kg OCM prevented the LPS-induced decrease in PXR gene expression in intestinal mucosa of piglets. Similarly, Xu et al. (40) found that LPS-induced decreases in intestinal PXR expression was associated with oxidative stress and that oral infusion with either N-acetylcysteine or ascorbic acid attenuated this adverse effect of LPS in mice. In view of these results, it appears that the antioxidant effects of OCM are associated with the regulation of PXR gene expression. Consequently, dietary supplementation with 50 mg/kg OCM markedly reduced the incidence of diarrhoea in postweaning piglets (Table 2 ). This significant outcome provides further evidence that the protective effects of OCM are associated with improving intestinal function (including absorption) and health. OCM supplementation offers a novel strategy for ameliorating gut damage under inflammatory conditions.
CONCLUSION AND PERSPECTIVE
The small intestine is responsible for the terminal digestion and absorption of nutrients in humans and animals. The gut is also a physical barrier to separate the internal milieu of the organism from the external environment, thereby playing an essential role in excluding food-borne pathogens from entering the body and preventing translocation of luminal microorganisms into the circulation. The intestinal mucosa, which accounts for 20% to 25% of the empty smallintestinal weight (Table 7) , expresses a wide array of anti-oxidative, anti-inflammatory, and regulatory proteins to maintain its normal structure and function. Dietary supplementation with 50 mg/kg OCM reduced the incidence of diarrhea in postweaning pigs. OCM also exerted an antioxidative activity, thereby alleviating intestinal injury and improving intestinal absorption in LPSchallenged piglets. The underlying mechanisms Table 2 Values are means±SD, n=6. Pigs were fed typical corn-and soybean meal-based diets (29, 69, 70) and were slaughtered at 6 h after the last feeding to obtain the small intestine. The small intestine is defined as that portion of the digestive tract between the pylorus and the ileocecal valve, and consists of the duodenum, jejunum, and ileum. The small-intestinal mucosa consists of the epithelium, the lamina propria, and the muscularis mucosa (71) . 1 Including the duodenum, jejunum, and ileum without intestinal content. 2 Including the mucosa of the duodenum, jejunum, and ileum. 
